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Introduction
The measurement of surgical outcomes, especially in cardiac surgery, has been extensively researched.
1 In liver transplantation, several models have been used to identify factors associated with outcomes. [2] [3] [4] [5] [6] However, most models are based on data from a single centre; thus their results cannot confidently be extrapolated to other populations of individuals receiving transplants. 7 Furthermore, the models are restricted to an assessment of survival at 12 months after transplantation. Although mortality at 12 months reflects surgical mortality, it also captures mortality associated with recurrent disease, chronic rejection, and retransplantation. Mortality rates at timepoints earlier than 12 months predominantly include surgical mortality, however, and could be associated with different factors to those linked to mortality at 1 year.
Data from the European Liver Transplant Registry (ELTR) have been used to establish the intrinsic mortality risk associated with liver transplantation without identified risk factors; 8 the results of the study by Adam and colleagues suggest that every centre could assess its own performance by combining this risk with the quoted relative risk ratios of known risk factors. However, the approach used to estimate the risk ratios (proportional hazards regression) does not provide absolute expected mortality rates, thereby limiting the practical application of these results. Furthermore, the results were based on transplants undertaken up to December, 1997 . As survival continues to improve after liver transplantation, these models need to be updated. Our aim, therefore, was to assess 3-month and 12-month mortality after first liver transplantation in a cohort of adult recipients from the ELTR who had transplants up to 2003.
Summary
Background Mortality after liver transplantation depends on heterogeneous recipient and donor factors. Our aim was to assess risk of death and to develop models to help predict mortality after liver transplantation.
Methods We analysed data from 34 664 first adult liver transplants from the European Liver Transplant Registry to identify factors associated with mortality at 3-months (n=21 605 in training dataset) and 12-months (n=18 852 in training dataset) after transplantation. We used multivariable logistic regression models to generate mortality scores for each individual, and assessed model discrimination and calibration on an independent validation dataset (n=9489 for 3-month model and n=8313 for 12-month model).
Findings 2540 of 21 605 (12%) individuals in the 3-month training sample had died by 3 months. Compared with those transplanted in 2000-03, those transplanted earlier had a higher risk of death. Increased mortality at 3-months post-transplantation was associated with acute liver failure (adjusted odds ratio 1·61), donor age older than 60 years (1·16), compatible (1·22) or incompatible (2·07) donor-recipient blood group, older recipient age (1·12 per 5 years), split or reduced graft (1·96), total ischaemia time of longer than 13 h (1·38), and low United Network for Organ Sharing score (score 1: 2·43; score 2: 1·67). However, cirrhosis with hepatocellular carcinoma, alcohol cirrhosis, hepatitis C or primary biliary cirrhosis, donor age 40 years or younger, or less, hepatitis B, and larger size of transplant centre (у70 transplants per year) were associated with improved early outcomes. The 3-month mortality score discriminated well between those who did and did not die in the validation sample (C statistic=0·688). We noted similar findings for 12-month mortality, although deaths were generally underestimated at this timepoint.
Interpretation The 3-month and 12-month mortality models can be effectively used to assess outcomes both within and between centres. Furthermore, the models provide a means of assessing the risk of post-transplantation mortality, giving clinicians important data on which to base strategic decisions about transplant policy in particular individuals or groups.
results of an audit 10 published in 2003 confirm the validity of the data. Data are submitted anonymously by either national transplant registries (UK, Spain) or by individual centres. Here, we present analyses based on data from transplants done in adults between Jan 1, 1988, and June 30, 2003 .
The ELTR does not obtain individual consent from patients for inclusion of their data, since the French National ethics committee (Commission Nationale de L'Informatique et des Libertés)-which was consulted because the ELTR is based in Paris-considered it unnecessary. All data are anonymised.
Procedures and statistical analysis
We identified factors independently associated with 3-month and 12-month mortality with multivariable logistic regression models. Each dataset was randomly split into a training set (about 70% of transplants) used to generate the model, and a validation set (about 30% of transplants) for assessing the model's adequacy of fit. We used the training set to identify factors independently associated with mortality, using a backwards selection procedure.
Factors considered were: year of transplantation, disease cause (acute liver failure, hepatocellular carcinoma, alcoholic cirrhosis, hepatitis C virus [HCV] cirrhosis, primary biliary cirrhosis, other), recipient sex and age, donor sex and age, United Network of Organ Sharing (UNOS) status of recipient (1=intensive care unit bound, 2=continuous hospitalisation, 3=continuous medical care, 4=at home with normal function), recipient's HCV antibody status (note that these patients might have had other primary causes for their cirrhosis), and hepatitis B virus (HBV) surface antigen (HbsAG) status, donor and recipient ABO blood groups and matching status (identical, compatible, incompatible, not known), bypass type (extracorporal, lateral clamping, none, not known), graft type (full, split or reduced, unknown), total ischaemia time, and size of the transplant centre. We initially divided donor and recipient age into 10-year age groups. However, after identifying factors associated with mortality, we examined the adjusted odds ratios associated with each age group to assess if combining categories was appropriate to simplify the model. As a result, donor age was recategorised into three groups (р40, 41-60, and Ͼ60 years) for both final models. The odds ratios associated with each recipient age group increased progressively with increasing age. As such, we used recipient age as a continuous variable in the final model. Total ischaemia time was initially divided into eight groups based on percentiles. After fitting the final models, only a total ischaemia time greater than 13 h conferred a significant increase in the odds of mortality. Centre size was based on the number of transplants done in every transplant year, changing over time as centres did more or less transplants in a year. We also stratified centre size into eight groups based on percentiles; we assessed adjusted odds ratios to test the appropriateness of combining any groups. As a result, we reclassified centres as doing less than 37 (small), 37-69 (medium), or 70 or more (large) transplants yearly. We did not adjust models by country in accord with agreed ELTR policy; predicted rates therefore indicate average mortality rates expected over Europe.
We used the parameter estimates from the final models (the logarithms of the adjusted odds ratios) to derive scores for every individual for use in estimating the probability of death over the 3-months or 12-months post-transplantation. The score is calculated by multiplying the appropriate parameter estimates shown in table 2 by the corresponding covariate values for each individual (see panel for example). This mortality score can then be used to give an estimate of the probability of that individual dying within 3 months of transplantation, using the following equation:
where e score represents the exponential of the score. A risk calculator for the calculation of predicted mortality probabilities (95% CI) is available from authors.
We tested the adequacy of the models in three ways. First, we compared the scores of those who had or had not died with unpaired t tests. Second, we calculated the discriminative ability of the model with Harrell's C index.
11 Third, to assess the calibration of the models, Panel: Calculation of 3-month and 12-month mortality scores
Consider, for example, a male recipient of a liver transplant done in 2000 with the following characteristics: acute liver failure, donor age 27 years, donor-recipient blood group compatible, recipient HBV negative, recipient aged 52 years, received a full graft, UNOS status 1, total ischaemia time 6·4 h, transplanted in a centre that did 91 transplants in the same year. The 3-month mortality score would be calculated as: Ϫ3·38 ϩ0·48 (acute liver failure) Ϫ0·21 (donor aged р40 years) ϩ0·20 (donor-recipient blood group compatible) ϩ(0·113[52-40]/5) (recipient aged 52 years) ϩ0·89 (UNOS status 1) Ϫ0·23 (centre did у70 transplants in year) giving a 3-month mortality score of Ϫ1·986.
The exponential (e) of Ϫ1·98ϭ0·137. Thus, the estimated probability that this individual will die within 3-months is calculated as:
we stratified patients according to the deciles of the distribution of their mortality scores, and compared observed and expected numbers of deaths in each group with the Hosmer-Lemeshow statistic. 12 Because the fit of any model is always better on the dataset used to generate the model than on the general population, we also calculated these statistics for the validation set to give unbiased estimates of model adequacy. We did all analyses with SAS, version 8.02.
Role of the funding source
The sponsors of the study had no role in study design, data collection, data analysis, data interpretation, or writing of the report. The corresponding author had full access to all the data in the study and had final responsibility for the decision to submit for publication. Table 1 shows patients' characteristics. 52 386 transplants were done between Jan 1, 1988, and June 30, 2003 . Of these, we excluded the data for the following: 6977 retransplants; 5146 transplants done in children younger than age 15 years; 848 combined organ transplants; and 55 transplants with no follow-up information. A further 4696 transplants had missing information on the key data items: recipient sex (n=13), donor sex (n=4119), and donor age (n=3984). The missing data were associated primarily with earlier transplants (missing data: 27% [1988] [1989] [1990] [1991] , 21% [1992] [1993] [1994] [1995] , 5% [1996] [1997] [1998] [1999] , and 5% [2000] [2001] [2002] [2003] ) and were primarily due to the progressive addition of new data items to the ELTR questionnaire. 10 We therefore assessed data for 34 664 first liver transplants in adults. Our assessment of 3-month mortality is based on 31 094 transplants, since we excluded 552 individuals transplanted after April 1, 2003 (who did not have the potential for 3 months of follow-up) and 3018 individuals who were not known to have died but whose follow-up was less than 3 months. The assessment of 12-month mortality is based on 27 165 transplants, excluding 2858 individuals transplanted after June 30, 2002 (who did not have the potential for 12 months of follow-up) and 4641 individuals whose follow-up was less than 12 months.
Results
For the 3-month model, we included 21 605 of 31 094 individuals (69%) in the training sample, of whom 2540 (12%) had died by 3 months post-transplantation (table 1) . Table 2 shows results from the multivariable model for outcomes at 3 months. Compared with the most recently transplanted cohort of 2000-03, those who received transplants in earlier periods were at a higher risk of death (pϽ0·0001). After adjustment for the period of transplant, an increased risk of mortality at 3-months post-transplantation was associated with acute liver failure, donor age older than 60 years, compatible or mismatched donor-recipient blood groups, older recipient age, poor clinical status (lower UNOS scores), the receipt of a split or reduced graft, and total ischaemia time of longer than 13 h. By contrast, cirrhosis with a hepatocellular carcinoma, high alcoholic cirrhosis, HCV or primary biliary cirrhosis, donor age of younger than 40 years, HBsAg positivity, and larger size of centre were all associated with a better 3-month outcome in multivariable analyses. We used the estimates from the multivariable logistic regression model to generate a 3-month predictive score for every individual in the training sample (mean [SD] score -2·19 [0·67]). In those who had died within 3 months, the mean (SD) score was -1·75 (0·76) compared with -2·24 (0·63) in those who remained alive at 3 months (p=0·0001, unpaired t test). The C statistic from this model was 0·691, indicating a reasonable ability of the score to discriminate between those who died and those who remained alive at 3-months post-transplantation. We stratified patients according to the deciles of the distribution of scores; table 3 shows the expected and observed number of deaths within each stratum. The Hosmer-Lemeshow statistic was 8·94 (p=0·35), suggesting no evidence of lack of fit. When the same predictive score was calculated for the 9489 patients in the validation sample (mean -2·20 [0·66]), we noted similar results. In particular, the C statistic was 0·688 and the HosmerLemeshow test was not significant, indicating a similar level of performance to that seen with the training sample.
With respect to the 12-month model, we included 18 852 of 27 165 individuals (69%) in the training sample, of whom 3391 (18%) had died by 12 months (table 1) . Results from the multivariable model for 12-month outcomes (table 2) were very similar to those for 3-month outcomes. The mean [SD] predicted mortality score in the training sample was -1·63 (0·61) (-1·32 [0·65] in those who had died and -1·70 [0·58] in those still alive at 12 months post-transplantation). The model C statistic was 0·667 and the Hosmer-Lemeshow test statistic was 2·70 (p=0·95). However, by contrast with the 3-month results, when we calculated the score for the 8313 individuals in the validation sample, the Hosmer-Lemeshow test gave a significant result (p=0·002), suggesting that the 12-month score lacked calibration. Examination of the observed and expected number of deaths in each stratum suggested that the 12-month predictive score generally underestimated the risk of mortality in this sample, although its discriminative ability remained good. Table 4 shows the causes of death in those dying at 3-months and at 12-months after transplantation. Although the number of deaths was higher at 12 months, the relative proportions of individuals dying from each cause were broadly similar with the exceptions of non-tumoural liver disease recurrence and tumours, which both arose with a higher frequency over the first year than over the first 3 months.
Discussion
We used a large European dataset to identify the main risk factors for 3-month and 12-month mortality in adults undergoing a first liver transplantation. The large size of the ELTR database as well as its representativeness mean that it is a powerful tool for developing and assessing predictive models for outcome after liver transplantation. The models we have generated can be used to assess the likelihood of early mortality in a patient about to undergo transplantation by considering recipient characteristics and potential donor and transplant-related characteristics. The models can also be used by centres to assess their past performance and compare it with the performance of other European centres over a similar period.
We included transplants done from 1988 onwards. We chose this date because it corresponds to the standardisation of liver transplantation across Europe and the by then widespread use of cyclosporin-based immunosuppression, which resulted in improved surgical outcomes. 7 However, even after excluding any transplants done before this date, 3-month and 12-month mortality rates have continued to improve over time. 9, 13 Acute liver failure was associated with an increased risk of mortality at both timepoints, consistent with the results of previous analyses of this dataset 8 and other studies. 14, 15 Compared with other causes, individuals who needed a transplant because of cirrhosis with hepatocellular carcinoma, alcoholic cirrhosis, HCV cirrhosis, or primary biliary cirrhosis generally had a reduced risk of mortality, especially at 3-months posttransplantation. As before, non-identical blood groups and a longer total ischaemia time were significantly associated with a poorer prognosis. 8 In general, nonmatched donors are likely to be used when the need for transplant is urgent. However, the effects of a nonidentical blood group remained significant after adjustment for other factors in the model, including acute liver failure and UNOS status, suggesting that these findings are not fully explained by a poorer clinical status at the time of transplantation. We also noted that total ischaemia time in excess of 13 h was a risk factor for mortality (previous analyses identified a cutoff of 12 h 8 ) . Although the precise threshold for ischaemia time is unclear, attempts to reduce total ischaemia times below 12 h are likely to improve outcomes.
One of the advantages of the models presented is that they could be used to estimate an individual's risk of mortality under different transplant conditions. Thus, the risk of mortality after a transplant with a nonmatched donor can be weighed against the risk of mortality if the transplant is delayed until a matched donor can be found. Similarly, the benefits of introducing methods to reduce total ischaemia timeeg, by operating throughout the night-can be balanced against the possible risks of this clinical scenario. 16, 17 As in the previous report 18 that presented results from an analysis of the data from the ELTR, split or reduced liver transplants were associated with a poor outcome. The split or reduced liver transplant category included transplants from living donors; unfortunately, because of the small number of such transplants (only 2% of all transplants) we could not separate the relative contributions of each factor to survival. However, since transplants from living donors are increasing in frequency, further analysis of this cohort will soon be possible.
The accuracy of a predictive model will always seem to be unduly high if it is assessed on the same dataset used to generate the model; thus models should be validated on data from an external source. 19 Although we have not validated this model on data from a different source, the large size of the ELTR dataset allowed subdivision into training and validation samples. Both models generated had good discriminative ability, indicating that those with higher scores were more likely to die over both the short-term and the longterm. Whereas the 3-month model was also well calibrated, the 12-month model showed a tendency to underestimate mortality rates by around 10%. This finding is not surprising-while preoperative factors are likely to be the strongest predictors of death in the first few months after transplant, post-operative factors could start to play a more important part over the longer-term. For example, changes in renal function over follow-up, and severity and frequency of cellular rejection could all contribute to mortality over the longer-term. Our analyses, which are based on preoperative factors only, will not capture these factors. Furthermore, over time patients increasingly become at risk of other, non-transplant-related causes of death. Thus, although the model will be especially useful for stratifying patients according to their risk of death over 12 months, absolute estimates of risk should be interpreted with caution.
Several limitations of the database should be acknowledged. First, only the details obtained as part of the ELTR registry could be studied. Neither recipient renal function, nor recipient ventilation before liver transplantation are recorded in the database, and markers of liver status-eg, Pugh's score or MELD (model for endstage liver disease)-are not available. Although these factors might contribute to the increased mortality risk, their overall importance is likely to be subsumed by other factors, such as UNOS 
*All variables significant at 0·0001 level. †Results of model scaled so that intercept relates to a transplant recipient aged 40 years and odds ratios indicate effect of a 5-year increase in age. When estimating mortality score for an individual, subtract 40 years from score and divide by 5 before entering covariate in model. status. Furthermore, the MELD score is primarily used for the assessment of allocation and eligibility for transplantation, and, since it does not take into account operative or donor factors, it is a poor predictor of posttransplantation survival. 20, 21 Second, we excluded patients with missing data on key data items, such as recipient sex and donor age and sex, as well as those with insufficient follow-up to assess outcomes at 3-months and 12-months post-transplantation. The former group of patients was largely restricted to transplants done in earlier time periods, and their exclusion should not, therefore, adversely effect the results from the more recently done transplants. By contrast, however, those with insufficient follow-up tended to be individuals who were transplanted, as expected, in 2002-03. Finally, some variability in the characteristics of patients undergoing transplantation in the different European countries included in this registry is likely. According to ELTR policy, we have not adjusted for country; our results thus indicate the average effect of each factor on mortality across Europe.
The 3-month and 12-month mortality prognostic indices we have investigated can be used to assess outcomes both within and between centres, using the most recently transplanted patients in the ELTR (2000-03) as the reference cohort. Furthermore, the models provide a means of assessing the risk of posttransplant mortality, according to potential donor characteristics, 22 thus giving clinicians important data on which to base strategic decisions about transplant policy in particular individuals or groups. 
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